Excess lipid accumulation in non-adipose tissues is associated with insulin resistance, pancreatic ␤-cell apoptosis and heart failure. Here, we demonstrate in cultured cells that the relative toxicity of two common dietary long chain fatty acids is related to channeling of these lipids to distinct cellular metabolic fates. Oleic acid supplementation leads to triglyceride accumulation and is well tolerated, whereas excess palmitic acid is poorly incorporated into triglyceride and causes apoptosis. Unsaturated fatty acids rescue palmitate-induced apoptosis by channeling palmitate into triglyceride pools and away from pathways leading to apoptosis. Moreover, in the setting of impaired triglyceride synthesis, oleate induces lipotoxicity. Our findings support a model of cellular lipid metabolism in which unsaturated fatty acids serve a protective function against lipotoxicity though promotion of triglyceride accumulation.
T he striking prevalence of obesity world-wide is a significant health problem due to serious medical complications that include hypertension, insulin resistance, diabetes, coronary artery disease, and heart failure (1). Evidence is emerging that elevated serum free fatty acid (FA) levels contribute to the pathogenesis of the metabolic syndrome and heart disease. Whereas adipocytes have a unique capacity to store excess FAs in the form of triglyceride in lipid droplets, non-adipose tissues such as cardiac myocytes and pancreatic ␤-cells have a limited capacity for storage of lipids. In hyperlipidemic states, accumulation of excess lipid in non-adipose tissues leads to cell dysfunction and͞or cell death, a phenomenon known as lipotoxicity. Excess lipid accumulation in skeletal muscle is associated with the development of insulin resistance (2) . Lipid overload in pancreatic ␤-cells leads to dysregulated insulin secretion (3, 4) and apoptotic cell death (5) , both of which may contribute to the genesis of diabetic states. Lipoapoptosis is also observed in the heart, in which it leads to the development of heart failure (6, 7) .
In a variety of experimental systems, saturated and unsaturated FAs differ significantly in their contributions to lipotoxicity. Previous studies in Chinese hamster ovary (CHO) cells (8) , cardiac myocytes (9) , pancreatic ␤-cells (10, 11) , breast cancer cell lines (12) , and hematopoietic precursor cell lines (13) all suggest that lipotoxicity from accumulation of long chain FAs is specific for saturated FAs. This selectivity has been attributed to the generation of specific proapoptotic lipid species or signaling molecules in response to saturated but not unsaturated FAs. The nature of such signals may differ across cell types, but includes reactive oxygen species generation (8) , de novo ceramide synthesis (14) , nitric oxide generation (15) , decreases in phosphatidylinositol-3-kinase (12) , and primary effects on mitochondrial structure or function (16) . Long chain FAs may also suppress anti-apoptotic factors such as BclII (17) . Cosupplementation with unsaturated FAs (9, 10, 12) has been shown to rescue saturated FA-induced lipoapoptosis by an unknown mechanism.
The present study was designed to characterize the fundamental cellular mechanisms though which the common saturated and unsaturated dietary lipids, palmitic and oleic acids, exert their differential effects on survival of cultured cells. We provide evidence that the differential toxicity of these FAs is directly related to their ability to promote triglyceride accumulation. We show that exogenous or endogenously generated unsaturated FAs rescue palmitate-induced apoptosis by promoting palmitate incorporation into triglyceride. Moreover, oleic acid, as well as palmitic acid, is toxic in cells with impaired triglyceride synthetic capacity. In vivo, triglyceride accumulation in non-adipose tissues occurs in the setting of mismatch between cellular lipid influx and lipid utilization. Our study suggests that triglyceride accumulation in non-adipose cells in response to acute lipid overload represents an initial cellular defense against lipotoxicity.
Methods
Materials. Unlabeled lipids were obtained from Nu Chek Prep (Elysian, MN); radiolabeled lipids from Perkin-Elmer and American Radiolabeled Chemicals (St. Louis); Nile red and C-2938 from Molecular Probes; propidium iodide and solvents from Sigma-Aldrich; and cell culture reagents from Invitrogen.
Cell Culture. CHO cells (American Type Culture Collection) and 25RA cells (gift from T. Y. Chang, Dartmouth College) were cultured as described (8) . Primary mouse embryonic fibroblasts from wild-type and Dgat1 null mice (18) were isolated and cultured in knockout Dulbecco's modified Eagle's medium supplemented with 10% FBS, 1 mM L-glutamine, 50 units͞ml penicillin G sodium, and 50 units͞ml streptomycin sulfate. Where indicated, cell culture media were supplemented with FA (complexed to BSA at a 6.6:1 molar ratio; ref.
8).
Detection of Apoptotic Markers. DNA laddering, caspase 3 activity, and reactive intermediate generation were detected as described (8) . For DNA laddering, 10 g of isolated genomic DNA was loaded for each sample on a 1.4% agarose gel. (20, 21) . Triheptadecenoin (5 mmol͞mg protein) and C17 ceramide (2 nmol͞mg protein) were used as internal standards for triglyceride and ceramide quantification, respectively. Total ceramide and triglyceride levels, as well as their molecular species, were determined by electrospray ionization mass spectrometry (21, 22) . (23) by PCR. ⌬U3SCD1 retrovirus was generated and used to transduce CHO cells (23) .
SCD Enzyme Activity Assays. Microsomes were isolated and assayed for desaturase activity toward palmitic acid substrate (C16:0) as described (24) . Reaction products were analyzed by thin layer chromatography and autoradiography and quantified by densitometry.
Propidium Iodide (PI) Staining. After 46 h of supplementation with media alone or media containing 1 mM palmitate or 1 mM oleate, cells were collected, washed with PBS, and resuspended in media containing 1 M PI and analyzed by flow cytometry.
Results
Oleate Prevents Palmitate-Induced Apoptosis. Previous studies have suggested that cosupplementation with the monounsaturated FA oleate inhibits the toxicity of the saturated FA palmitate in cardiomyocytes and pancreatic ␤-cells (9, 10) . To extend these findings to a cell line that is easily cultured and genetically manipulated, we cultured CHO cells in media supplemented with 500 M palmitate and increasing concentrations of oleate. In a dose-dependent manner, cosupplementation of CHO cells with oleate prevents the morphological changes associated with palmitate-induced cell death (data not shown). Moreover, cosupplementation with 200 M oleate prevents palmitateinduced DNA laddering, a marker of apoptotic cell death (Fig.  1A) . These experiments were performed by using a total FA:BSA ratio of 6.6:1, conditions that model pathophysiologic states in which unbound free FA concentrations are high (25, 26) . In experiments designed to mimic normal physiologic states by using a FA:BSA ratio of 2:1 (low unbound free FA concentrations), we also observe palmitate-, but not oleate-, induced apoptosis and oleate rescue of palmitate-induced apoptosis (data not shown). These findings suggest that lipotoxic cell death is highly dependent on the molecular species of FA to which cells are exposed.
Palmitate-induced apoptosis in CHO cells occurs though a mechanism involving increases in reactive intermediates (8) . Palmitate is also a precursor for de novo ceramide synthesis, and palmitate supplementation of CHO cells increases ceramide levels though this pathway. Ceramide likely serves to amplify signals for palmitate-induced apoptosis; however, synthesis of ceramide is not essential for induction of programmed cell death (8) . To determine whether oleate prevents palmitate-induced apoptosis before or after reactive intermediate and ceramide generation, we measured reactive intermediate and ceramide production after cosupplementation with palmitate and oleate. Cosupplementation with 200 M oleate prevents palmitateinduced increases in both reactive intermediates (Fig. 1B) and ceramide (Fig. 1C) . Thus, cosupplementation with oleate either prevents reactive intermediate generation and ceramide synthesis or results in scavenging of both these molecular species.
Notably, the protective effect of oleate cosupplementation is not due to a decrease in palmitate uptake in the presence of oleate. The accumulation of [ ]palmitate per 1,000 cells, n ϭ 6). A 6-h time point was chosen for these experiments, because it is the earliest point at which we detect morphological differences between palmitate-and oleate- supplemented cells, and it is before detection of markers of cell death, which could bias measurements in palmitate-treated cells.
Oleate Increases Neutral Lipid Storage. Because initial palmitate uptake and accumulation is not affected by cosupplementation with oleate, we sought to determine whether the metabolic fate of intracellular palmitate differs in the presence of oleate cosupplementation. We examined neutral lipid accumulation after 6 h of FA supplementation (a time point before detection of markers of cell death). Neutral lipid was detected by fluorescence microscopy of cells stained with Nile red, a hydrophobic dye that accumulates in lipid droplets. Neutral lipid accumulation is apparent after supplementation with oleate alone or oleate and palmitate together, but not with palmitate alone (Fig.  2A) . Moreover, lipid accumulation is not due to increases in the total amount of supplemental FA, because 700 M palmitate alone does not increase Nile red staining (data not shown). Thus, the resistance to lipoapoptosis observed with oleate cosupplementation correlates with increased capacity for accumulation of neutral lipid.
To test whether this increased neutral lipid accumulation reflects channeling of exogenous palmitate to triglyceride stores and away from the pathways leading to apoptosis, we performed metabolic labeling experiments. CHO cells were supplemented with palmitate alone or palmitate plus oleate for 6 h in the presence of 0.2 Ci of [ 14 C]palmitate. After FA supplementation, total lipids were extracted and separated by thin layer chromatography, and radio-label incorporation into the triglyceride fraction was determined. Cosupplementation with oleate increases the incorporation of the 14 C label into triglyceride Ϸ2.8-fold (Fig. 2B) . The increase in [ 14 C]palmitate incorporated into the triglyceride fraction is not due simply to the increased total lipid in the media, because supplementation with 700 M palmitate does not lead to increased labeling (Fig. 2B) Increased Desaturase Activity in 25RA and SCD Cells. Previous studies of asebia mice, which harbor a mutation in the gene encoding SCD1, indicate that endogenously generated unsaturated FAs are critical for triglyceride synthesis in the liver (27, 28) . To determine whether endogenously generated unsaturated FAs promote triglyceride synthesis in CHO cells, we examined two CHO cell-derived lines with increased FA desaturase activity. The 25RA cell line harbors an activating mutation in sterol regulatory element binding protein (SREBP) cleavage activating protein that results in constitutive activation of the SREBP pathway that promotes lipogenesis (29) . SREBP up-regulates transcription of SCD1 (30) , an enzyme that catalyzes ⌬9-cis desaturation of palmitoyl-and stearoyl-CoA (31). We confirmed that 25RA cells have increased expression of SCD1 compared with wild-type CHO cells by Western blot analysis (data not shown). We also generated CHO cells that stably overexpress myc-tagged murine SCD1 (SCD cells) and confirmed expression of the myc-tagged SCD1 by Western blot analysis (data not shown). We compared FA desaturase activity in microsomes prepared from CHO, 25RA, and SCD-overexpressing cells, by using [ 14 C]palmitate as a substrate. Whereas parental CHO cells have low levels of FA desaturase activity, 25RA and SCD cells have 3-fold and 6.5-fold increased activity, respectively (Fig. 3A) .
Desaturase Activity Correlates with Triglyceride Storage. To determine whether increased FA desaturase activity promotes triglyceride synthesis, we compared neutral lipid accumulation in 25RA, SCD, and parental CHO cells. Nile red staining of palmitate-supplemented cells shows increased neutral lipid accumulation in 25RA and SCD cells (data not shown). Moreover, analysis of lipid extracts from palmitate-supplemented cells demonstrates that, compared with parental CHO cells, 25RA and SCD cells have 2.2-and 5-fold more triglyceride, respectively (Fig. 3B) . This finding is similar to the 5.1-fold increase in cellular triglyceride levels observed when CHO cells are cosupplemented with palmitate and oleate. Incorporation of 16:0 acyl chains in the triglyceride pool is increased 2-and 3.7-fold in palmitate-supplemented 25RA and SCD cells, respectively, compared with palmitate-supplemented CHO cells (Fig. 3C) . Importantly, the ability of CHO, 25RA, and SCD cells to channel palmitate to triglyceride pools correlates with the level of FA desaturase activity, suggesting that endogenously produced unsaturated FAs promote neutral lipid storage. Analysis of the molecular species in the triglyceride pool also suggests that 25RA and SCD cells have greater proportions of unsaturated acyl chains than parental CHO cells (Table 1 ). An increase in the percentage of unsaturated acyl chains is consistent with the increased FA desaturase activity in these cells.
The number of 16:0 acyl chains in the triglyceride fraction of 25RA and SCD cells suggests that much of the exogenous palmitate is being incorporated into triglyceride without being desaturated. To directly assess the molecular fate of exogenous palmitate in SCD cells, we supplemented CHO and SCD cells with deuterated palmitate for 6 h and analyzed cellular triglyceride composition by mass spectrometry (Table 2 ). In both CHO and SCD cells, exogenously provided deuterated FA is incorporated into triglyceride; however, the total amount of deuterated C16 or C18 FA in the triglyceride pool of SCD cells is increased 4.6-fold over the amount detected in CHO cells. In SCD cells, Ϸ25% (18.8 nmol͞mg protein) of the deuterated label in triglyceride is associated with 16:1 or 18:1 unsaturated acyl chains, whereas CHO cells have only a small amount (1.10 nmol͞mg protein) of deuterated C16:1 and C18:1 FAs. This increase is consistent with the increase in cellular desaturase activity in the SCD cells. However, the majority of the deuterated label (71%) in the triglyceride pool of SCD cells remains associated with palmitate (C16:0). These findings suggest that the presence of increased quantities of unsaturated FA in SCD cells facilitates channeling of exogenous saturated species to triglyceride stores and͞or promotes its retention there.
25RA and SCD Cells Are Palmitate-Resistant. To determine whether increased triglyceride accumulation correlates with resistance to palmitate-induced cell death, we assessed the induction of apoptosis in 25RA cells. Morphological changes associated with cell death (data not shown) and DNA laddering (Fig. 4A ) in response to palmitate are significantly reduced and delayed in 25RA cells, compared with wild-type CHO cells, and prevented in SCD cells (Fig. 4B) . Caspase 3 activity, another marker of apoptosis, is also reduced in response to palmitate supplementation in both cell types (Fig. 4C) . This resistance to palmitateinduced apoptosis in 25RA cells (partially resistant) and SCDoverexpressing cells (completely resistant) correlates with the level of triglyceride synthesis and extent of palmitate incorporation into triglyceride. The 25RA cells, which have intermediate levels of desaturase activity and triglyceride synthesis, display a more modest resistance to apoptosis than the SCD cells.
Decreased Capacity for Triglyceride Synthesis Promotes Lipotoxicity.
To test whether triglyceride synthesis is essential to prevent lipotoxicity, we evaluated the effects of FA supplementation on mouse embryonic fibroblasts derived from mice in which the gene for acyl CoA:diacylglycerol transferase 1 (DGAT1) is disrupted (18) . DGAT catalyzes the final step in mammalian triglyceride synthesis, and Dgat1 Ϫ/Ϫ mice show reduced levels of tissue triglycerides (32) . Fibroblasts from wild-type mice demonstrate robust triglyceride synthesis in response to 6 h of oleate but not palmitate supplementation (Fig. 5A) . By contrast, Dgat1 Ϫ/Ϫ fibroblasts accumulate little triglyceride in response to either FA. To determine whether the inability to accumulate triglyceride affects lipotoxicity, we supplemented wild-type and Dgat1 Ϫ/Ϫ fibroblasts with palmitate or oleate and assessed cell death by PI staining (Fig. 5B) . Fibroblasts of both genotypes undergo cell death in response to palmitate supplementation. CHO and SCD-overexpressing cells (SCD) were incubated in media supplemented with 500 M deuterated palmitate for 6 h. Incorporation of deuterated palmitate (d16:0), deuterated palmitoleate (d16:1), deuterated stearate (d18:0), and deuterated oleate (d18:1) in the triglyceride fraction is reported and represents the mean of three independent experiments Ϯ SE.
However, Dgat1
Ϫ/Ϫ fibroblasts are also sensitive to oleateinduced cell death. Therefore, the failure to accumulate triglyceride in response to FA supplementation is associated with cell death. These results suggest that the ability to synthesize triglyceride plays a critical role in protection from lipotoxicity.
Discussion
Lipotoxicity has been implicated in the pathogenesis of clinically important human diseases. However, the cellular mechanisms that determine whether excess lipid accumulation is well tolerated or cytotoxic remain largely unknown. In the present study, we correlate the channeling of common dietary long chain FAs to distinct metabolic fates with their propensity for inducing apoptosis. Monounsaturated oleic acid is readily incorporated into triglyceride and is well tolerated by CHO cells. Alternatively, saturated palmitic acid does not lead to triglyceride accumulation and induces CHO cell apoptosis. Our studies show that the presence of unsaturated FAs, from endogenous or exogenous sources, promotes triglyceride accumulation with channeling of excess saturated FA to triglyceride stores and consequent rescue of palmitate-induced apoptosis. We demonstrate that impaired triglyceride synthesis in cells from Dgat1 null mice leads to lipotoxicity from oleate as well as palmitate. This is direct evidence that accumulation of excess FA in cellular triglyceride stores may be protective against lipotoxicity.
Triglyceride accumulation in response to increased cellular levels of unsaturated FAs may be a general metabolic phenom- enon. Exogenous oleic acid supplied in the media leads to triglyceride synthesis in CHO cells and mouse embryonic fibroblasts (the present study), cardiac myocytes (9), pancreatic ␤-cells (11), and human skin fibroblasts (33) . Additionally, endogenously generated unsaturated FAs play an important role in hepatic triglyceride accumulation, as demonstrated by lack of hepatic triglyceride accumulation in SCD1-deficient mice on a lipogenic diet (27, 28) and by absence of hepatic steatosis in ob͞ob mice that also have mutations in SCD1 (34) . Our studies show that increases in SCD1 activity alone are sufficient to increase triglyceride accumulation in CHO cells supplemented with exogenous palmitic acid. Moreover, we extend previous observations to show that increased triglyceride synthesis associated with SCD1 overexpression can protect against lipoapoptosis.
There are several mechanisms through which unsaturated FAs may promote triglyceride accumulation. Unsaturated FAs can serve as ligands for transcription factors such as peroxisome proliferator-activated receptor ␥ (35). However, the increased triglyceride accumulation we observe during the 6-h incubations with oleate or oleate plus palmitate is not associated with increased expression of enzymes for triglyceride synthesis, nor do we observe increases in expression of proteins known to be induced during adipogenesis (unpublished data). Whereas it is possible that unsaturated FAs activate signaling pathways that promote triglyceride storage (or inhibit triglyceride hydrolysis), we find that inhibitors of protein kinase C or phosphatidylinositol-3-kinase have no effect on unsaturated FA-induced triglyceride storage in CHO cells (unpublished data). Alternatively, it is likely that increased triglyceride accumulation in CHO cells in response to oleate supplementation may reflect a preference of some enzymes in triglyceride synthetic pathways for unsaturated FA substrates (36) or increased solubility͞stability of lipid droplets containing a higher percentage of unsaturated acyl chains.
Several of our findings suggest that, when cultured cells are exposed to high concentrations of exogenous palmitic acid for up to 28 h, triglyceride synthesis prevents lipotoxicity. First, the magnitude of triglyceride accumulation correlates with cell survival. Second, we observe a correlation between cell survival and sequestration of palmitate in the triglyceride fraction. We hypothesize that palmitate channeled toward triglyceride storage is unavailable for pathways leading to cell death, such as the generation of reactive intermediates and ceramide (Fig. 6) . In this scenario, triglyceride is inert with respect to induction of apoptosis, whereas other FA metabolites or free FAs themselves initiate apoptotic signaling pathways. Third, whereas previous studies have demonstrated that FA-induced apoptosis is specific for saturated FAs, we demonstrate that unsaturated FAs are also toxic when triglyceride synthesis is impaired. Dgat1 Ϫ/Ϫ fibroblasts, which are unable to increase triglyceride storage in response to unsaturated FAs, show toxicity to oleate as well as palmitate.
Accumulation of triglyceride in non-adipose tissues likely serves as a barometer of the lipid overload state in human disorders such as hyperlipidemia and lipodystrophies and in animal models such as the Zucker diabetic fatty rat or the ob͞ob mouse. However, our experiments suggest that cellular triglyceride accumulation itself is not initially toxic. Rather, accumulation of excess FAs in triglyceride pools likely diverts these molecules from pathways that lead to cytotoxicity and may thus serve as a buffer against lipotoxicity. In pathologic states, lipotoxicity may occur over time, despite triglyceride accumulation, when either the cellular capacity for triglyceride storage is exceeded or when triglyceride pools are hydrolyzed, resulting in increased cellular free FA levels. Thus, the duration and extent of lipid overload may determine whether a cell is protected or damaged. Further characterization of cellular signals that channel FAs to triglyceride pools may identify additional mechanisms that prevent lipotoxicity. Future studies using animal models of lipid overload states will be useful to determine whether triglyceride accumulation in non-adipose tissues prevents lipotoxicity in vivo.
